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Heme-copper oxidases (HCOs) couple the free energy of oxygen reduction and 
translocate protons across membrane to generate a proton electrochemical gradient, which was 
used to produce ATP by ATP synthase. Based on the sequences and structures of core subunits, 
they are classified into 3 types. A-type oxidases are by far the most abundant including 
mitochondrial cytochrome c oxidase and its close homologs. Over the years, great efforts have 
been invested to study the function of A-type oxidases. A highly conserved glutamic acid residue 
has been proved to be the branch point for proton translocation, delivering protons either to 
active site for oxygen reduction or to proton loading site for pumping. However, a growing 
number of oxidases that lack this key glutamate and instead are replaced by a tyrosine-serine (YS) 
pair in proximity have been discovered and classified as A2-type oxidase. Several A2-type 
members have been isolated and shown their capability of proton pumping. Thermus 
thermophilus cytochrome caa3 oxidase, a member of A2 subtype, was successfully expressed, 
purified and characterized by site-directed mutagenesis, especially on YS pair as well as around 
the region of glutamate. It is suggested that the conserved YS pair in A2-type is a functional 
substitute to glutamate in A1-type. In addition, mutations of D proton channel exhibit different 
phenotype from that of A1-type, presumably due to a different mechanism. 
The quinol oxidases in A-type HCOs are relatively well characterized. Previous studies 
have implicated the four residues (Arg71, Asp75, His98, and Gln101) involved in ubiquinone 
semiquinone radical stabilization at quinone binding site in E. coli cytochrome bo3 oxidase. 
Similar result was reported on cytochrome aa3-600 oxidase in B. subtilis, a close homolog to 
cytochrome bo3 that uses menaquinone instead of ubiquinone. Recently, in vivo experiments 
have demonstrated that cytochrome bo3 could also use menaquinol as substrate. Therefore, with 
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14N and 15N labeling, the interaction between menaquinone semiquinone radical and quinone 
binding site was examined using EPR spectroscopy. Overall, the hyperfine coupling shows 
difference between ubiquinone and menaquinone semiquinone with quinone binding site in 
cytochrome bo3, suggesting different binding geometry. Three nitrogens were indicated 
interacting with menaquinone semiquinone with the strongest interaction from presumably Nε of 
R71.  
Separate approach was used to study quinone binding site in quinol oxidases. We 
managed to overexpress and purify recombinant B. subtilis cytochrome aa3-600 utilizing a new 
method for membrane protein expression in B. subtilis. The enzyme was subjected to 
crystallography and preliminary structure revealed several new features that were not observed in 
cytochrome bo3 structure around quinone binding site. Finally, this approach has proved to be 
successful in overexpression of B. subtilis succinate dehydrogenase (SQR). 
Reduced cytochrome bo3 oxidase was studied spectroscopically treated with H2O2 or O2 
in attempt to study amino acid radicals related to active site catalysis. By site-directed 
mutagenesis, a stable tyrosyl radical assigned on Y173 was observed in reaction with oxygen in 
YII184F bo3 mutant using EPR spectroscopy. This is the first time that a tyrosyl radical has been 
shown generated by O2. Moreover, we proposed a proton coupled electron transfer mechanism 
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CHAPTER 1: INTRODUCTION 
1.1 Overview of bioenergetics and energy metabolism 
Bioenergetics is the study of energy flow within living organisms and between living 
organisms and surrounding environment. This energy metabolism collectively involves substrate 
uptake and energy conversion through a series of enzymatic redox reaction. Despite complexity 
of metabolism, metabolic pathways generally fall into two categories: catabolic and anabolic 
pathways (Figure 1.1). In anabolic pathways, small and simple precursor molecules uptaken by 
the living organism are converted to macromolecules such as proteins, lipids, nucleic acids using 
the energy stored in ATP, NADH, NADPH and FADH2. In catabolic pathways, the energy-
containing nutrients are broken down into energy-depleted products, storing the chemical energy 
in the processes in forms of ATP.  
In photosynthesis, the energy of sunlight is harvested by plants or photosynthetic 
microbes to convert CO2 and H2O into carbohydrates. It is a well-known anabolic process and 
provides energy to power other cellular processes such as respiration. During aerobic respiration, 
glucoses (carbohydrates) are first broken down into pyruvates, which then enter citric acid cycle 
after converted to acetyl-CoAs. During TCA cycle, actyl moiety of actyl-CoA is completely 
oxidized to CO2, accompanied by generating NADH and FADH2. Electrons from those high-
energy compounds are constantly shuttled to electron transport chain, passing through multiple 
respiratory complexes to oxygen. A transmembrane proton gradient is generated which is 
utilized by ATP synthase to make ATPs. This energy conservation process, referred as oxidative 
phosphorylation, accounts for over 90% of ATP production in aerobic organism. 
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1.2 Electron transport chain 
Electron transport chain, also called respiratory chain, contains a series of membrane 
protein complexes that transfer electrons from NADH or FADH2 to O2 via redox reactions, and 
coupled the free energy with proton translocation across membrane. These enzyme complexes 
located on the inner membrane of mitochondria or the cytoplasmic membrane of bacteria include 
NADH:ubiquinone oxidoreductase (complex I), succinate dehydrogenase (complex II), 
cytochrome bc1 complex (complex III) and cytochrome c oxidase (complex IV) (Figure 1.2). 
Electrons from NADH or FADH2 enter the respiratory chain through complex I or complex II, 
respectively, and are transferred to ubiquinone (UQ), a lipid-soluble electron carrier. The 
reduced product, ubiquinol (UQH2), is mobile in the membrane and is oxidized by complex III 
where electrons are relayed to cytochrome c, a soluble heme c-containing protein. Finally, 
reduced cytochrome c is oxidized by complex IV, reducing oxygen to water. Besides electron 
transfer, complex I, complex III and complex IV also translocate protons across membrane, 
generating a proton motive force. This proton electrochemical gradient is utilized by ATP 
synthase to synthesize ATP.  
Electron transport chains are the major source of reactive oxygen species (ROS), a 
byproduct of oxygen metabolism(1). Cumulatively, high level of ROS is detrimental to cell 
function. Both complex I and complex III are known to produce superoxide and peroxide under 
various conditions (2-5). However, cytochrome c oxidase as the major oxygen consuming enzyme 
does not produce ROS. This is probably due to the well-controlled proton coupled electron 
transfer as well as the presence of amino acid radicals. 
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1.3 Branched electron transport chain in bacteria  
Different variants of terminal respiratory oxidases have been found in aerobic bacteria. 
As a matter of fact, multiple variants found within the same bacterial species is quite common (6, 
7). It allows the cells to customize their respiration with respect to various environment condition. 
While some are constantly being expressed, many oxidases depend on the growth condition. It 
has been mentioned by Garcia-Horsman, J. A. et al that the cells must balance competing needs 
in modulating their respiratory chain, for max energy production, rapid restoration of redox 
balance or oxygen scavenging (8).  
A generalized scheme of branched bacteria respiratory chain is shown in Figure 1.3. 
Respiratory chain in Escherichia coli does not contain bc complex, cytochrome c or cytochrome 
c oxidase. Instead it has three terminal ubiquinol oxidases, namely cytochrome bo3, cytochrome 
bd-I and cytochrome bd-II. The latter two has a higher affinity for oxygen and is predominant 
under low oxygen condition. Respiratory chain in Bacillus subtilis is unique and special in both 
composition and individual protein complex. The bc complex in B. subtilis resembles 
photosynthetic b6f complex thus carries characteristics of both photosynthetic and respiratory 
complex (9, 10). Both quinol oxidases (cytochrome aa3-600, cytochrome bd) and cytochrome c 
oxidases (cytochrome caa3-605) exist in B. subtilis. Thermus thermophilus is a Gram-negative 
thermophile with optimal growing temperature around 70-80 °C. The respiratory chain in 
Thermus thermophilus branches in both quinol:cytochrome c oxidoreductases (bc complex) and 
terminal oxidases. A bc1 complex 
(11)and an alternative complex III (ACIII) (12)co-exist to oxidize 
quinol and reduce cytochrome c, which is then utilized by two cytochrome c oxidases, 
cytochrome ba3 and caa3. It has been shown that cytochrome caa3 is constitutively expressed and 
cytochrome ba3 dominates when fewer oxygen is present.  
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1.4 Heme-copper oxidase superfamily 
Terminal oxidases of aerobic respiratory chain in eukaryotic mitochondria and bacteria 
are closely related despite a large degree of variation in terms of substrate type, substrate affinity, 
metal or prosthetic cofactors (8). Virtually all respiratory oxidases belong to heme-copper oxidase 
superfamily (HCO). The heme-copper oxidase superfamily is defined by the presence of a low-
spin heme cofactor and an active site binuclear center in subunit I. The center consists of a high-
spin iron heme, a copper ion (CuB) and a cross-linked tyrosine-histidine cofactor 
(13). Only 
subunit I is present in all members in HCO superfamily. These heme-copper oxidase superfamily 
members share the same oxygen reduction chemistry, which involves four-electron reduction of 
O2 molecule to produce water, at their active site. The free energy of O2 reduction is coupled to 
proton translocation across membrane to generate an electrochemical proton gradient. 
 
Since both chemical and pumped protons are transferred within the enzyme, proton 
conducting channels should be present in subunit I (14). Based on sequence alignments, site 
directed mutagenesis studies and high-resolution crystal structures, two proton channels were 
identified as D and K channel named after the key residue(15-17). All HCOs share the presence of 
proton channels, but the residues and number of channels are not all similar. Hence, HCOs are 
classified into three types, A- B- and C-type with respect of differences in proton channels (14, 18). 
In general, A-type HCOs have two identified proton channels, D and K channel, with high 





1.4.1 A-type heme-copper oxidase 
The vast majority of HCOs belongs to A-type oxidase, including the mitochondrial 
enzyme and its close relatives. The crystal structures of several A-type members have been 
solved such as the cytochrome c oxidase from bovine (19, 20), P. denitrificans (21), R. sphaeroides 
(22), T. thermophilus (23) and quinol oxidase from E. coli (24). A-type oxidases are further divided 
into two subtypes A1- and A2-type, according to the conserved residues at the end of D channel 
(Figure 1.4). In A1-type, a highly conserved glutamic acid is present at the end of D channel, 
which bifurcates protons either to active site for oxygen reduction or to translocate across the 
membrane (25, 26). In A2-type, this glutamic acid is replaced by a tyrosine and serine (YS) pair 
spatially in proximity(14, 23, 27, 28) (Figure 1.4). Undoubtedly due to lack of glutamic acid and 
complete conservation of YS, the function of this motif is closely related to proton transfer. It is 
proposed that YS is a functional replacement of glutamic acid in A1-type but very few studies 
have been done with A2-type oxidase 
(27). 
Regardless of the differences in proton channels, there are variants within A-type HCOs 
using different types of substrates namely cytochrome c oxidase and quinol oxidase. Although 
cytochrome c oxidases and quinol oxidases are homologous with 30-40% sequence identity of 
subunit I, two apparent differences exist: 1) they use different electron donors; the overall 








2) Cytochrome c oxidases contain an additional redox center, CuA, which receives electrons from 
reduced cytochrome c and transfers to low-spin heme. CuA is located at the surface in subunit II 
(15). Quinol oxidases do not have CuA in subunit II, but instead possess a hydrophobic quinone 
binding site for reduced quinol. Since reduced quinol is a two-electron carrier and must donate 
one electron at a time for oxygen reduction, a transient semiquinone radical is formed and 
stabilized by quinol oxidase at this site in order to prevent formation of ROS (29). There have 
been strong interests in study of quinone binding site and semiquinone radicals in quinol 
oxidases.  
1.4.2 Catalytic cycle 
In order to understand how electron transfer is coupled to proton translocation, it is 
important to dissect the steady state catalysis of cytochrome oxidase into intermediate steps and 
investigate the characteristics of each intermediates. Therefore a series of collective effort has 
been invested in characterization of those intermediates by time-resolved spectroscopic methods 
(30-34). One of the commonly used techniques is flow-flash (35) time-resolved spectroscopy. In 
flow-flash experiments, the fully reduced oxidase is treated with CO, allowing a tight binding 
between active site ferrous heme and CO. This CO-protected active site will react with O2 only 
by introducing a laser flash to photolyze this tight bond. The spectroscopic features are recorded 
in a timely manner and analyzed. 
A simple scheme of catalytic cycle and intermediates in reaction with O2 is shown in 
Figure 1.5. There are 6 identified intermediates namely R->A->P->F->O->E->R. The catalytic 
cycle starts with fully oxidized enzyme (O). Two consecutive uptakes of one electron and one 
proton yield E state and subsequently R state. The 2-electron reduced binuclear center in R state 
binds an O2 molecule in ferrous heme and gives rise to A state in 10µs 
(36). Depending on the 
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availability of a third electron in CuA or low-spin heme, either PM (without third electron) or PR 
(with third electron) state can form. A major event in the formation of P intermediates is the O-O 
bond cleavage by 4-electron, single step reduction (37). For PR state, those 4 electrons originate 
from 1 of CuB, 2 of ferrous heme (to FeIV) and 1 from upstream CuA/low spin heme. However, 
for PM state, the source of the fourth electron remains unknown. Although no direct evidence, it 
is proposed that an amino acid radical is generated by donating electron to active site as 4th 
electron and losing a proton (38). P state to F state transition involves one more electron (the third 
electron) transferring to the active site accompanied by a pumped proton. Finally, the active site 
receives the fourth electron and enzyme is converted to O state. 
1.4.3 Proton channels and proton pumping 
Two proton channels, D and K channels, are found in A-type HCO responsible for two 
types of protons, chemical protons for oxygen reduction to water and pumped protons for 
establishing transmembrane proton gradient. During catalytic cycle, proton uptake of HCO is 
always coupled to electron transfer to the active site. Two protons are pumped during the 
oxidation of binuclear center (R→O) and another two protons are pumped during reduction of 
binuclear center (O→R) (Figure 1.5).  
Previously, mutagenesis studies in combination with a variety of spectroscopy techniques 
has elucidated the function of both D and K channels in A1-type HCOs (Figure 1.4). K channel, 
named after conserved lysine residue, is responsible for 2 chemical protons during the reduction 
of binuclear center (O→R) (39-41). D channel, on the other hand, is responsible for the other 2 
chemical protons and all pumped protons (42). D channels starts from the entrance, D132 
(R.sphaeroides numbering) and ends at the highly conserved glutamic acid (E286), which is a 
suggested branch point (43, 44). About 10 water molecules are observed in D channel between the 
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entrance and E286, suggesting proton transfer via hydrogen bonding network. Mutations of 
D132 inhibits the oxidase activity to less than 3% while virtually all mutations of E286 
eliminates turnover in R.sphaeroides(43). It has been shown that change of pKa of E286 is 
associated with proton soring either to the active site for O2 reduction or to the proton loading 
site for proton pumping  (45, 46). Evidences of uncoupling mutants, N139D, reveal that pKa change 
of E286 abolishes proton pumping without affecting O2 reduction reaction. A2-type HCOs 
naturally lack glutamic acids but have YS in proximity (Figure 1.4). Experiment data have 
shown they are capable of proton pumping (47-49), indicating that proton pumping may require 
only a protonatable group such as Y in A2-type with a suitable pKa (pKa for E286 ~ 9.4) at the 
same spatial location. 
1.5 Scope of thesis 
This thesis presents the biochemical characterization of A-type heme-copper oxidases in 
E. coli, B. subtilis and T. thermophilus. A-type oxidases account for over 70% heme-copper 
oxidases and are relatively well studied over the years, with a number of different techniques 
available. In chapter 2, Thermus thermophilus cytochrome caa3 oxidase, a member of A2 subtype, 
was successfully expressed, purified and characterized by site-directed mutagenesis. Both steady 
state oxidase activity and proton pumping ability were measured. In chapter 3, EPR spectroscopy 
was adopted for the study of menasemiquinone in cytochrome bo3 oxidase in E. coli. With 
14N 
and 15N labeling, the interaction between menasemiquinone radical and quinone binding site was 
examined. In chapter 4, site-directed mutations were introduced on multiple tyrosine residues in 
order to study formed radical of cytochrome bo3 oxidase in reaction with oxygen. In chapter 5, 
cytochrome aa3-600 oxidase was isolated using a new approach for membrane protein 
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expression in B.subtilis. The purified enzyme was used for X-ray structure determination. The 
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CHAPTER 2: STUDY THE FUNCTION OF TYROSINE-SERINE 
(-YS-) PAIR IN THE D CHANNEL OF THE A2-TYPE 
CYTOCHROME CAA3 OXIDASE FROM THERMUS 
THERMOPHILUS 
2.1 Introduction 
The heme-copper oxidoreductases (HCOs) serve as the terminal oxygen reductases in the 
aerobic respiratory chains of virtually all aerobic organisms. Based on the sequences of the core 
subunits they are classified into 3 families: A-, B- and C-type (1). A-type oxidases are further 
divided into 2 subtypes: A1 and A2 – type oxidase
(2, 3). A1-type enzymes contain a glutamic acid 
at the end of the D-channel. Extensive studies over decades have proved that the glutamic acid in 
A1-type oxidase (E286 in the Rhodobacter sphaeroides cytochrome aa3) acts as a branch point, 
providing protons either to the active site where they are consumed in the formation of water, or 
to the “proton loading site” (PLS) from which the protons are pumped across the membrane(4, 5). 
Moreover, once mutated to any other amino acid residues except aspartate, the A1-type oxidases 
will become completely inactive, showing the significance of glutamate and delicacy of “branch 
point” region(6). However, the A2-type heme copper oxidases, which share high sequence 
similarity to A1-type, all lack this key glutamic acid in D proton channel and instead have a 
tyrosine-serine pair (YS) in close proximity (2, 3, 7, 8). Very little is known about the functional 
significance of YS in the A2-type oxidases. It is speculated that YS function together as a 
replacement for the glutamate in A1-type HCOs 
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The cytochrome caa3 oxidase from Thermus thermophilus is a typical member of the A2-
type heme copper oxidases. The crystal structure of cytochrome caa3 is the first and only 
structure of this subfamily (Figure 2.1) (8). The enzyme consists of two major subunits: a large 
subunit I which is a fused version of canonical A-type subunit I and III linked together by a loop, 
and subunit II with a heme c domain. During catalysis, electrons are transferred through heme c, 
CuA, heme a to heme a3-CuB active site while protons are picked up and delivered through D and 
K-proton channels to the active site or proton loading site. Sequence and structure alignment of 
D-channels between A1- and A2-type presents high similarity (Figure 2.2) with the exception of 
Y248/S249 pair at the top. Despite high degree of similarity, it is still unclear whether D-channel 
in A2-type operates in the same manner as the canonical D-channel in A1-type oxidase. On the 
other hand, the function of YS pair remains to be investigated, especially how it is compared to 
glutamic acid in A1-type in terms of oxygen reduction and proton pumping.  
2.2 Material and Methods 
2.2.1 Plasmid and strain information 
The pDMSI plasmid (Figure 2.3) encoding Thermus thermophilus cytochrome caa3 
oxidase was obtained from Professor Tewfik Soulimane (University of Limerick, Ireland) as part 
of collaboration. The plasmid can be transformed and amplified in both E. coli and T. 
thermophilus with two antibiotic resistance cassettes for ampicillin and kanamycin. Due to high 
temperature growth condition, only kanamycin is effective in T. thermophilus culture. In addition, 
the plasmid contains the entire cytochrome caa3 oxidase operon, which includes bifunctional 
cytochrome C oxidase assembly factor (ctaA)/protoheme IX farnesyltransferase (ctaB), subunit 
IIc (cyoA) and subunit I (cyoB), under the control of a constitutive bc-promoter from T. 
thermophilus. An 8×histidine tag was added at the C-terminus of subunit I. 
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T. thermophilus HB8 ∆caa3 strain was also provided by Professor Tewfik Soulimane. 
Both cyoA and cyoB in this strain were knocked out and replaced by bleomycin resistance gene. 
The strain is used to express recombinant His-tagged wild-type cytochrome caa3 oxidase and 
mutants.  
 
2.2.2 Site-directed mutagenesis  
PCR-based mutagenesis methods were utilized to generate mutation on DNA sequence 
using completely overlapping primers (QuikChange Site-Directed Mutagenesis, Agilent) or 
partially overlapping primers. pDMSI plasmid containing Thermus thermophilus cytochrome 
caa3 oxidase operon was served as template. All mutagenesis primers were ordered from 
Integrated DNA technologies (IDT) (Table 2.1). Mutated plasmids were transformed in Top10 
OneShot or XL-10 gold competent cell, extracted and verified by sequencing service at 
ACGT.Inc. 
 
2.2.3 Transformation in Thermus thermophilus 
Thermus thermophilus is naturally competent at all stage of growth(9). T. thermophilus 
HB8 ∆caa3 cells were grown overnight at 70 °C and then diluted to OD600 = 0.6. Add 10-100 ng 
pDMSI plasmid in 500 μL cells and culture for 2 – 4 h before spread on kanamycin plates. It 




2.2.4 Thermus thermophilus cell culture 
For liquid culture, PY (8g peptone, 4g yeast extract, 3g NaCl per L) medium is used with 
proper antibiotics (50 μg/mL kanamycin) at 70 °C. For culture on plates, LB agar plate (1.5% 
w/v) is used in 60 °C incubator. Large scale culture was done by having 500 mL PY medium in 
2L flasks and incubation at 70 °C.  
 
2.2.5 Cytochrome caa3 oxidase overexpression and purification 
T. thermophilus HB8 ∆caa3 cells containing wild-type or mutant pDMSI plasmid were 
inoculated from frozen glycerol stock into a PY medium seeding culture (10ml for every L of 
growth medium) with antibiotic (50µg/ml kanamycin) for overnight growth at 70 °C, 200 rpm. 
The large scale, final culture (PY medium) was prepared in 2L flasks with 1L medium each and 
was inoculated 1% (v/v) from seeding culture, grown at 70 °C, 200 rpm. Since bc-promoter on 
pDMSI is constitutively expressed, the culture doesn’t require induction. After about 20 – 24 h 
culture at 70 °C, 200 rpm, cells were harvested by centrifugation at 8,000 rpm for 10 minutes 
using a Sorvall GS3 rotor. Cell pellets were pooled in 500ml Nalgene bottle for storage at 4 °C 
(1-2 days) or -80 °C (few months) before use. 
Cell pellets were resuspended in 100mM Tris buffer, pH=7.6, with addition of PMSF 
(Sigma) and DNase I (Sigma). Homogenized T. thermophilus cells were disrupted using 
microfluidizer (Microfuildics Corp. Waltham, MA), followed by a 10-minute centrifugation at 
8,000 rpm. Gently separate the supernatant due to loosely bound, insoluble cell debris. This step 
is crucial and will affect purification and overall yield of the protein. Membrane fraction was 
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separated from supernatant after 3-hour ultracentrifuge at 42,000 rpm, 4 °C in a Beckman Ti45 
rotor. At this point, membranes could be stored at -80 °C for months before use. 
The isolated membranes were resuspended in 100mM Tris buffer, pH=7.6, and 
solubilized with 5% (v/v) Triton X-100 (Sigma) detergent at 4 °C for 2 hours. Insoluble junks 
were removed after centrifugation at 42,000 rpm, 4 °C for 30 minutes, and the supernatant was 
diluted 5-fold with cold Mili-Q or ddH2O to a final Triton X-100 concentration of 1%. This 
diluted sample was then loaded onto Ni-NTA (Qiagen) column containing 5ml resin pre-
equilibrated with 100mM Tris buffer, 0.1% Triton X-100, pH=7.6. A gradient wash was used 
with increasing concentration of imidazole (5mM, 10mM, 20mM) in the same buffer condition 
in order to remove non-specific bound protein. At 20mM imidazole washing step, 0.05% dodecyl 
maltoside (DDM) detergent was used instead of Triton X-100. Finally, His-tagged cytochrome 
caa3 oxidase was eluted with 200mM imidazole in 100mM Tris buffer, 0.05% DDM, pH=7.6. 
The eluted protein was then concentrated using Amicon Ultra concentrators with 100,000 
MWCO followed by buffer exchange into 100mM Tris buffer, 0.05% DDM, pH=7.6. For 
storage at -80 °C, 5% glycerol was added. 
2.2.6 Determine the concentration of purified cytochrome caa3 oxidase 
The concentration of purified cytochrome caa3 oxidase was calculated based on the 
amount of heme a and c of reduced-minus-oxidized UV-Vis spectra using extinction coefficient 
of 14 mM-1cm-1 (heme a) and 20 mM-1cm-1 (heme c). 
2.2.7 Oxygen reduction activity measurement for cytochrome caa3 oxidase 
The steady-state oxygen reduction activity was measured using MT200 respirometer 
(Strathkelvin Instruments Ltd.) equipped with an oxygen electrode. The reaction chamber has a 
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total volume of 1ml with constant stirring. During experiment, the chamber was filled with 50 
mM potassium phosphate buffer, 100 mM NaCl, 0.05% DDM, pH=6.5, 10 mM ascorbate and 
0.5 mM TMPD. The enzyme was added last to initiate the reaction. All measurements are done 
at 25 °C. 
2.2.8 Recombinant Thermus thermophilus cytochrome c552 overexpression and purification 
in E. coli 
The material was gifted from Professor James A. Fee. Recombinant cytochrome c552 were 
prepared as described in reference (10). Briefly, E. coli BL21 cells containing pETC552 plasmid 
were grown overnight at 37 °C, 90-120 rpm. Cells were harvested and resuspended in 50 mM 
Tris-HCl pH=8.0, followed by cell lysis using microfluidizer. Cell debris was removed by 
centrifuge at 8,000 rpm 10minutes and supernatant was loaded onto CM-52 gravity column pre-
equilibrated with 25 mM Tris-HCl buffer, pH=8.0. With an elution gradient of 0 – 1M NaCl, 
fractions containing reddish protein were collected, combined and concentrated. The protein was 
desalted by buffer exchange using Amicon Ultra concentrators with 10,000 MWCO. Finally, the 
concentrated protein was aliquoted and rapid frozen in liquid N2 for storage at -80°C before use. 
The reduced-minus-oxidized extinction coefficient, ε(∆552nm) = 14.3 mM-1cm-1, was used to 
estimate the concentration of purified cytochrome c552 
(11).  
2.2.9 Lipid vesicle preparation and cytochrome caa3 oxidase incorporation  
Lipid vesicles were prepared fresh for every protein sample. 40 mg/ml asolectin (soybean 
source, Sigma) was resuspended in 3 ml 100 mM HEPES-NaOH buffer, 50mM KCl, pH=7.4, 
followed by sonication using a W-375 sonicator (Heat Systems-Ultrasonics, Inc.). The solution 
was sonicated on ice for overall 6 minutes with 3 1-minute-on and 1-minute-off cycles. The 
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sample was then centrifuged at 13,000 x g for 3 minutes to remove insoluble titanium particle 
and lipids. A final concentration of 1% (m/v) sodium cholate was added while sonicated solution 
became clearer. 
Cytochrome caa3 was mixed with sonicated lipid/sodium cholate solution to a final 
concentration of 0.5 µM in 500 µl. The mixture was incubated at room temperature for 30 min to 
1 h. The detergent was removed by loading all 500 µl onto a 10-ml PD10 gravity column which 
was equilibrated with 50 µM HEPES-NaOH, 50 mM KCl, 50 mM sucrose, pH = 7.4 (pumping 
solution). After 2.5 ml wash with pumping solution, another 1.4 ml was added to collect 
cytochrome caa3-incorporated vesicle fraction. This proteoliposome solution was put on ice 
immediately after diluted to 2 ml with same pumping solution.   
2.2.10 Proton pumping measurement for cytochrome caa3 oxidase 
Proton pumping activity was measured using a SX-20 stopped-flow spectrometer 
(Applied Photophysics), by monitoring the absorption change of phenol red, a pH sensitive dye, 
at 558.7nm, an isosbestic point of cytochrome c552. Before the measurement, the following 
samples were prepared: A) 2 ml cytochrome caa3-incorporated vesicle (section 2.2.9) in 
pumping solution, 20 µM phenol red dye, pH = 7.4; B) 2 ml, 10 µM reduced cytochrome c552 in 
pumping solution, 20 µM phenol red, pH = 7.4; C) carbonyl cyanide m-chlorophenyl hydrazine 
(CCCP) stock solution, a protonophore; D) valinomycin stock solution, a potassium ionophore.  
The actual measurements were done in 2 steps: 1) record spectra over time after mixing 
sample A with 5µM valinomycin and B; 2) record spectra over time after mixing sample A with 







2.3.1 UV-visible spectrum and SDS-PAGE of wild type cytochrome caa3 oxidase 
The spectra of oxidized, reduced and reduced-minus-oxidized purified wild type 
cytochrome caa3 oxidase and SDS-PAGE are shown in Figure 2.4.  
All the optical features are due to the absorbance from heme a in subunit I and heme c in 
subunit II. The oxidized spectrum has a Soret peak at 411 nm. The reduced spectrum shows 2 
Soret peaks at 416nm and 443nm, 2 alpha band maxima at 548nm and 602nm. Per cytochrome 
caa3, the molar ratio between heme a and c is 2:1, which was used to determine the concentration 
of purified enzyme.  
Both subunit I and subunit II were observed on SDS-PAGE with a major impurity. By 
mass spectroscopy, the impurity band is from a copper transport, Cu-P-type ATPase from 
Thermus thermophilus, which has no effect on other experiments in this work. 
2.3.2 UV-visible spectrum of cytochrome caa3 oxidase mutants 
Purified cytochrome caa3 mutants were listed in Table 2.2. All purified mutants show 
identical spectroscopic features as wild type (Figure 2.4) and no signs of shift in absorbance. 
Interestingly, two mutants, K328M and Y248A, have partially reduced heme a even after 
overnight dialysis (Figure 2.5).  
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2.3.3 Spectroscopic property of recombinant Thermus thermophilus cytochrome c552  
Both oxidized and reduced spectra of purified recombinant cytochrome c552 are shown 
in (Figure 2.6). The reduced spectrum shows the feature absorbance peak at 552nm. Two 
isosbestic points in alpha band are observed around 542nm and 558nm. 
2.3.4 Steady-state oxygen reduction activity for cytochrome caa3 wild type and mutants 
All mutants exhibit lower oxygen reduction activity, to different extent, than wild-type 
cytochrome caa3 (Table 2.2). Overall, those mutants fall into three categories compared to wild 
type: 1) N110 mutants have little to no effect to steady state activity 2) mutants that shows some 
effect include D103V (D-channel entrance mutant), S249A/G, T252D, YST/FGE and D373L 
(proton loading site mutant). 3) mutants significantly affect activity are those include conserved 
Y248 such as Y248F/E/A or K328M in K proton channel.  
2.3.5 Proton pumping activity of cytochrome caa3 wild type and mutants using stopped-
flow spectrometer 
Wild type and mutant cytochrome caa3 were reconstituted in lipid vesicles in order to 
measure proton pumping in stopped-flow spectrometer. The activity of reconstituted enzymes is 
evaluated by the stoichiometry of proton release in the presence of valinomycin to proton 
consumption in the presence of both valinomycin and CCCP. Using reduced cytochrome c552, 
WT cytochrome caa3 exhibits high proton pumping activity with an estimated stoichiometry ~ 
0.9 H+/e (Figure 2.7), which is very close to previously reported stoichiometry of 0.8 – 1.0 H+/e 
(12-14). Different mutants were measured in the same way to estimate their proton pumping 
activity (Figure 2.8, Figure 2.9, Table 2.2). Almost all mutants measured have less than 50% 
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pumping efficiency of that of wild type cytochrome caa3, except N110 mutants, which are 
virtually identical to wild type.  
2.4 Discussion and Conclusion 
His-tagged version of A2-type cytochrome caa3 oxidase in Thermus thermophilus was 
successfully overexpressed and purified using a plasmid containing the entire operon under the 
control of a constitutive promoter. Both wild type and mutant cytochrome caa3 were 
spectroscopically pure with approximate 1:2 heme c to heme a ratio, and of high quality, 
showing no signs of structural distortion near the hemes. Moreover, despite the challenging 
growth condition of T. thermophilus at 70°C, the overall yield of the enzyme is decent, around 
1mg protein per L culture. The wild type purified enzyme exhibits high oxygen reduction 
activity, turnover number about 80e-/sec, and a proton pumping stoichiometry of 0.9 H+/e in 
reconstituted liposomes at neutral pH at 25°C. Overall this purified cytochrome caa3 is excellent 
in terms of quality and quantity for further characterization. 
The ability of cytochrome caa3 oxidase to reduce oxygen and pump protons clearly 
shows a fully functional D proton channel and, more importantly, a functional substitute of 
glutamic acid in A1-type. The entrance of D channel from aspartic acid (D103) and clusters of 
asparagines (N110, N92) to serine residues (S166, S167) is shown to be very similar in both 
enzymes (Figure 2.2). Mutations of conserved residues including D103 and N110 were prepared 
and characterized. The replacement of D103 by Val significantly affects both oxygen turnover 
(14%) and proton pumping (<0.5 H+/e) but to a lesser extent compared to entrance aspartic acid 
in A1-type, which completely inhibits enzyme activity. Moreover, the uncoupling effect when 
asparagine (N139) in A1-type is mutated was not observed in N110 mutations (N110T,D,A) in 
cytochrome caa3 oxidase 
(15, 16). In fact, all N110 mutations displayed almost wild type steady 
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state activity and proton pumping stoichiometry. In A1-type oxidase, the uncoupling of steady 
state activity and proton pumping is closely related to conserved glutamic acid and is a result of 
altered internal pKa 
(17, 18). Therefore, it is not completely unexpected to observe these differences 
around the input part of D channel in cytochrome caa3 due to lack of glutamic acid at the end of 
D channel.  
In Figure 2.2, a superimposed D channel of A1- and A2-type oxidases with important 
amino acid residues is presented. The conserved YS residues are in proximity of glutamic acid in 
A1-type, whose equivalent residue is T252 in cytochrome caa3. The “protonatable” Y248 is the 
most plausible candidate for the branch point for proton transfer. Our results showed that 
replacing Y248 to different type of residues Y248A, E, F all rendered an inactive enzyme with 
extremely low steady state activity around 3%, while S249 single mutants were less lethal with 
reduced turnover activity and proton pumping. Considering virtually any mutation of glutamic 
acid other than aspartic acid eliminates enzyme activity in A1-type oxidase 
(6), we suggest that 
the role of conserved tyrosine in A2-type might be similar to that of glutamic acid in A1-type. In 
addition, because conserved S249 is located near active site CuB and obviously contributes to 
proton transfer, it is very likely that YS pair works together to serve as the branch point for 
proton bifurcation.  
Another solid evidence for YS pair as functional replacement of glutamic acid in A1-type 
oxidase is that the triple mutant Y248F/S249G/T252E showed both oxygen reduction activity 
~32% as well as proton pumping capability ~ 0.5 H+/e in reconstituted liposomes (Figure 2.9). 
This triple mutant was prepared to mimic A1-type oxidase by introducing the glutamic acid at the 
equivalent position (T252) in cytochrome caa3 as well as changing both YS residues to their A1 
counterparts. Considering that Y248F mutant exhibited extremely low activity, the introduction 
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of glutamic acid T252E rescued the enzyme function, suggesting A2 tyrosine and A1 glutamic 
acid are functionally equivalent. The same rescue result was also observed in double mutant 
Y248A/T252E.  
In conclusion, mutagenesis study on steady state activity and proton pumping suggests 
that the conserved YS pair in A2-type, cytochrome caa3 oxidase is a functional substitute to 
glutamic acid in A1-type, especially the tyrosine Y248 play a similar role as glutamic acid. The 
tyrosine Y248 is imperative to enzyme activity as mutations to different residues completely 
inhibit the enzyme. So far, the removal of Y248 can only be rescued by placing a glutamic acid 
at A1-type equivalent position in A2-type. Furthermore, despite high degree of similarity between 
A1-type and A2-type oxidases, conserved residues along A2-type D channel showed differences 
in steady state activity and proton pumping when mutated, especially the uncoupling asparagine 
mutant in A1-type had almost no effect in A2-type. It is very likely that the uncoupling effect is 
closely associated with glutamic acid in A1-type oxidase. The fact that none of the mutants 
displays abolished proton pumping in the presence of steady state activity might imply a 







































Figure 2.1 Structure of T. thermophilus cytochrome caa3 oxidase. Subunit I is shown in blue and 
subunit II in red. A zoomed in structure of cytochrome c domain (brown) and CuA domain (green) 
in subunit II is shown on the right. Both domains are linked by a short loop and helix (black). 








































Figure 2.2 D proton channels in A1-type (R. sphaeroides, PDBID:1M56) and A2-type (T. 
thermophilus) cytochrome oxidase. A, Structure comparison between D channels in A1- and A2-
type oxidase; B, Sequence alignment around glutamic acid and YS region in D channel; C, 
Structure of D channel (green arrow) and K channel (red arrow) in cytochrome caa3 oxidase with 































Figure 2.4 Spectra of oxidized (black), reduced (red), reduced-minus-oxidized (blue) purified 
cytochrome caa3 oxidase and SDS-PAGE of purified cytochrome caa3 oxidase. Left: The 
absorbance peaks at 416nm and 548nm are from heme c. The absorbance peaks at 443nm and 
602nm are due to heme as. Right: Both subunit I and subunit II are identified. The asterisk 




























Figure 2.5 Spectra of Y248A and K328M mutants. Top and bottom left: oxidized (red, 
+[Fe(CN)₆]) and reduced (blue, +dithionite) spectra; Top and bottom right: purified mutant 























































Figure 2.7 Stopped-flow data of wild type cytochrome caa3 proton pumping. The absorbance 
change of phenol red at 558.7nm was recorded over time in the presence of valinomycin (black) 
or in the presence of valinomycin + CCCP (red). The increase (red) and decrease (black) of 
phenol red absorbance indicate alkalinization and acidification respectively in the bulk solution, 
which is a result of proton consumption or proton translocation. The net change of absorbance 
























Figure 2.8 Stopped-flow data of D-channel mutants in cytochrome caa3. The absorbance change 
of phenol red at 558.7nm was recorded over time in the presence of valinomycin (black) or in the 
presence of valinomycin + CCCP (red). The increase (red) and decrease (black) of phenol red 
absorbance indicate alkalinization and acidification respectively in the bulk solution, which is a 
result of proton consumption or proton translocation. The net change of absorbance was used to 

























Figure 2.9 Stopped-flow data of Y248A/T252E and YST-FGE mutants in cytochrome caa3. The 
absorbance change of phenol red at 558.7nm was recorded over time in the presence of 
valinomycin (black) or in the presence of valinomycin + CCCP (red). The increase (red) and 
decrease (black) of phenol red absorbance indicate alkalinization and acidification respectively 
in the bulk solution, which is a result of proton consumption or proton translocation. The net 





Table 2.1 cytochrome caa3 oxidase primer list 
Name Sequence 
D103V F: GGCGCGGGTGGTGGCCCTCC 
R: GGAGGGCCACCACCCGCGCC 
N110D F: CTCCCCCGGGTGGACGCCTTCAGCTAC 
R: GTAGCTGAAGGCGTCCACCCGGGGGAG 


























S249A F: CAGTTCTTCTGGTTCTACGCCCACCC 
R: GTAGACCGTGGGGTGGGCGTAGAAC 
S249G F: GGTTCTACGGCCACCCCACGGTCTACGTGATGCTCCTC 
R: CGTGGGGTGGCCGTAGAACCAGAAGAACTGCTGGAAGA 
T252D F: CCACCCCGACGTCTACGTGATGCTCCTCCCCTACCTC 
R: CACGTAGACGTCGGGGTGGGAGTAGAACCAGAAGAAC 
T252E F: TGGTTCTACTCCACACCCGAGGTC 
R: GAGGAGCATCACGTAGACCTCGGG 

















Y248F/S249G/T252E F: CAGTTCTTCTGGTTCTTCGGCCACCC 
R: CATCACGTAGACCTCGGGGTGGCCC 
















































Table 2.2 Steady state oxygen reduction activity and proton pumping of wild type and mutant 
cytochrome caa3 
 
Cytochrome caa3 oxidase Turnover 
(%, e-/sec caa3) 
Proton pumping 
stoichiometry (H+/e-) 
WT 100 (80 ± 3 e-/sec) 0.90 
D103V 14 ± 1 0.53 
N110D 70 ± 2 0.93 
N110T 57 ± 2 N.D. 
N110A 91 ± 6 0.96 
K328M ~0 N.A. 
Y248F <3 ± 1 N.A. 
Y248A <3 ± 1 N.A. 
Y248E 5 ± 1 N.A. 
S249A 15 ± 1 0.44 
S249G 16 ± 1 0.60 
T252D 25 ± 1 0.31 
Y248F/S249G/T252E 32 ± 3 0.48 
Y248A/T252E 6 ± 1 0.53 
Y248A/T252Y <1 N.A. 
N110D/N205A 3.4 ± 1 ~0.71 
D373L 16 ± 2 0.44 
49 
 
Table 2.2 (cont.) 
C247S/C230S/H231W  
(heme c – free mutation) 
9 ± 2 N.D. 
N.D., not determined; N.A., activity was too low to obtain reliable pumping data; All proton 
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CHAPTER 3: EPR SPECTROSCOPIC STUDY OF 
SEMIQUINONE RADICALS IN CYTOCHROME BO3 




The E. coli cytochrome bo3 oxidase is a typical member of quinol oxidases, which uses 




Electrons from ubiquinol are transferred via heme b to the active site binuclear center 
(heme o3-CuB) where O2 is reduced to H2O. The reaction is tightly coupled to proton 
translocation across membrane through a pumping mechanism(1, 2). During catalysis, a 
ubisemiquinone (USQ) radical is formed and stabilized at the quinone binding site (QH) of 
cytochrome bo3 
(3). Previously, electron paramagnetic resonance (EPR) techniques together with 
X-ray crystallography, site-directed mutagenesis have been used to define the residues crucial to 
bound ubisemiquione at the cytochrome bo3 QH-site. Four polar residues have been implicated in 
binding to the USQ at the QH-site in cytochrome bo3: Arg71, Asp75, His98, and Gln101 
(2, 4) 
(Figure 3.1). 
E. coli as a facultative anaerobe has both ubiquinone and menaquinone (Figure 3.1, 
structures), which is thought to accommodate varying environment with respect to the redox 
state in the cell(5). Until recently, it has been shown that cytochrome bo3 could use menaquinols 
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as substrates in vivo while ubiquinone synthesis is impaired(6). Menaquinone, with a relatively 
low midpoint potential than that of ubiquinone, often serves as electron carriers in anaerobic 
respiration, whereas ubiquinone is mostly part of aerobic respiration. Despite numerous studies 
shown that a variety of quinones could be used to generate and stabilize semiquinone radicals in 
cytochrome bo3, almost none of them are physiologically relevant
(7). Currently the way 
cytochrome bo3 oxidase utilizes menaquinol, especially the interaction between its quinone 
binding site (QH) and stabilized menasemiquinone (MSQ) is still unclear and remained to be 
investigated. The differences between QH-mena(semi)quinone and QH-ubi(semi)quinone 
interaction would provide a new perspective on metabolism adaptation within the cell, although 
it is not completely unprecedented that the interaction with stabilized MSQ and UBQ could be 
almost identical as seen in nitrate reductase A(5). 
Interestingly, cytochrome aa3-600 menaquinol oxidase in Bacillus subtilis is a close 
homologue to cytochrome bo3 oxidase in E. coli with almost identical residues for menaquinone 
binding (Arg-70, Asp-74, His-94, and Glu-97 in B.subtilis numbering) (8). However, it is strictly 
a menaquinol oxidase as Bacillus subtilis only uses menaquinone (MQ) in its aerobic respiratory 
chain (9). The fact that this highly similar binding site can stabilize a menasemiquinone radical 
provides us additional information to compare with for a more well-rounded analysis. 
In this study, we managed to reconstitute exogenous menaquinone-4 (MK4) to replace its 
native bound ubiquinone, and more importantly generate MSQ at cytochrome bo3 quinone 
binding site. With electron paramagnetic resonance (EPR) as a powerful technique, we identified 
same residues are involved in the stabilization of MSQ but a different nitrogen hyperfine 




3.2 Materials and Methods 
3.2.1 E. coli cell culture and 15N labeling  
Wild type cytochrome bo3 was expressed in E. coli C43 (DE3) (avidis, France) strain by 
transforming cells with pET17b plasmids encoding cyoABCDE operon with a histidine tag at the 
C-terminus of subunit II (cyoA). The E. coli cells were grown in LB (Luria-Bertani) medium 
with 100µg/ml ampicillin as starting culture, and in M63 minimal medium (7 g/L K2HPO4, 3 
g/L KH2PO4, 2 g/L NH4Cl, 2 g/L glucose, 10 mg/L thiamine, 10 µM CuSO4, 30 µM FeSO4 
and 1 mM MgSO4) with 100µg/ml ampicillin for larger scale culture.  
E. coli cells were inoculated from frozen glycerol stock into 3ml LB medium with 
antibiotic (100µg/ml ampicillin). It was then transferred into a M63 seeding culture (10ml every 
L of growth) for overnight at 37 °C, 210 rpm. The large scale, final culture (M63 medium) was 
inoculated 1% (v/v) from seeding culture, grown at 37 °C, 210 rpm and induced with 1mM IPTG 
when OD600 reached 0.6. 4 hours after induction, cells were harvested by centrifugation at 8,000 
rpm for 10 minutes using a Sorvall GS3 rotor. Cell pellets were gathered in 500ml Nalgene 
bottle for storage at 4 °C (1-2 days) or -80 °C (few months) until use. 
15N universal labeling of cytochrome bo3 was achieved by using 
15NH4Cl (Cambridge 
Isotope Laboratories, Inc.) in M63 minimal medium following the same culture procedure. 
 
3.2.2 Cytochrome bo3 purification 
Cell pellets were resuspended in 50mM potassium phosphate buffer, pH=8.0, with 
addition of Protease Inhibitor Cocktail (Sigma, Saint Louis, MO) and DNase I (Sigma). 
Homogenized E. coli cells were disrupted using microfluidizer (Microfuildics Corp. Waltham, 
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MA), followed by a 10-minute centrifugation at 8,000 rpm. Membrane fraction was separated 
from supernatant after 3-hour ultracentrifuge at 40,000 rpm, 4 °C in a Beckman Ti45 rotor. At 
this point, membranes could be stored at -80 °C for months before use. 
The isolated membranes were resuspended in 50mM potassium phosphate buffer, pH=8.0, 
and solubilized with 1% dodecyl maltoside (DDM) (Anatrace) at 4 °C for 2 hours. Insoluble 
material was discarded after centrifugation at 42,000 rpm, 4 °C for 30 minutes. The solubilized 
fraction was then loaded onto Ni-NTA (Qiagen) column pre-equilibrated with 50mM potassium 
phosphate buffer, 0.05% DDM, pH=8.0. A gradient wash was used with increasing concentration 
of imidazole (5mM to 30mM) in the same buffer condition in order to remove non-specific 
bound protein. Finally, His-tagged cytochrome bo3 was eluted with 200mM imidazole in 50mM 
potassium phosphate buffer, 0.05% DDM, pH=8.0. The eluted protein was then concentrated 
using Amicon Ultra concentrators with 100,000 MWCO followed by buffer exchange into 
50mM potassium phosphate buffer, 0.05% DDM, pH=8.0. For storage at -80 °C, 5% glycerol 
was added. 
The concentration of purified cytochrome bo3 was calculated based on the absorbance at 
409 nm of oxidized UV-Vis spectrum, using an extinction coefficient of 188 mM-1cm-1. 
Alternatively, it can also be calculated from [A560 nm-A580 nm] of reduced-minus-oxidized 
spectrum with an extinction coefficient of 24 mM-1cm-1.  
 
3.2.3 Ubiquinone-depleted cytochrome bo3 sample preparation 
About 500 µL, 200 – 300 µM purified cytochrome bo3 was diluted (1:1000) in 500 mL 
50 mM potassium phosphate buffer, 0.1% (w/v) Triton X-100 (Sigma), pH=8.3. The sample was 
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kept stirring for overnight at 4 °C. Afterwards, the entire sample solution was loaded onto 20 mL 
Ni-NTA resin column pre-equilibrated with 50mM potassium phosphate buffer, 0.1% Triton X-
100, pH=8.3. In order to thoroughly remove native, bound ubiquinone, the column was washed 
with 50 mL 50 mM potassium phosphate buffer, 0.1% Triton X-100, pH=8.3 followed by 200 
mL 50 mM potassium phosphate buffer, 0.05% DDM, pH=8.3. After eluting with the same 
buffer containing 200 mM imidazole and 0.05 % DDM, the eluted, ubiquinone-depleted 
cytochrome bo3 sample was buffer-exchanged and concentrated in 50mM potassium phosphate 
buffer, 0.05% DDM, 10% glycerol, pH=8.3. The protein sample was rapidly frozen in liquid N2 
and stored at –80 °C before use. 
 
3.2.4 Ubisemiquinone (USQ) radical generation in cytochrome bo3 
When purified with DDM, cytochrome bo3 contains one tightly bound ubiquinone-8 per 
protein on average(10). Therefore, the purified protein sample can be used directly to generate a 
ubisemiquinone radical without adding any additional ubiquinones. Briefly, purified cytochrome 
bo3 was dialyzed in 50mM potassium phosphate buffer, 0.05% DDM, 10% glycerol, pH=8.3 for 
4 h, and then concentrated to 200 – 300 µM, 200 µL. The sample was transferred in an air-tight 
glass vial and made anaerobic by flowing argon gas using a vacuum line. About 500-fold excess 
sodium ascorbate was mixed with the protein sample under anaerobic condition, stirring for 4 h 




3.2.5 Menaquinone-incorporated cytochrome bo3 preparation 
Menaquinone-4 (MK4, Sigma) powder was dissolved in chloroform (Sigma) and dried in 
a glass container using a rotary evaporator (Buchi). The amount of MK4 was calculated based on 
10 times the amount of ubiquinone-depleted cytochrome bo3 used in molarity. Therefore, about 
0.5 mM MK4 and 50 µM bo3 were mixed together in 50mM potassium phosphate buffer, 0.1% 
DDM, 10% glycerol, pH=8.3 under constant stirring for at least 4 h at room temperature or 
overnight at 4 °C. The protein sample was then concentrated to about 200 µL, which was about 
250 µM. At this point, the menaquinone-incorporated cytochrome bo3 was made. The sample 
was rapid frozen in liquid nitrogen and stored at – 80 °C until use.  
 
3.2.6 Menasemiquinone (MSQ) radical generation in cytochrome bo3 
About 200 µL, 250 µM MK4-incorporated cytochrome bo3 was kept in a 1.5 ml 
Eppendorf tube. At the same time, 1 M sodium dithionite stock solution was prepared in 1 M 
potassium phosphate buffer, pH=8.3. 4 µL sodium dithionite solution was mixed thoroughly with 
MK4-incorporated cytochrome bo3 sample, and the entire solution was transferred immediately 
in an EPR tube. Place the EPR tube in liquid nitrogen for and the sample was ready for EPR 
measurement. The mix-to-freeze step should be done within 1 minute for the best radical 
generation.  
3.2.7 CW and pulse-EPR measurement 
The continuous-wave (CW) EPR measurements were performed on an X-band Varian 
EPR-E122 spectrometer. The pulsed EPR experiments were carried out using an X-band Bruker 
ELEXSYS E580 spectrometer equipped with Oxford CF 935 cryostats. The CW EPR spectra 
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were presented in first-derivative mode. Conditions for specific spectra are given in figure 
captions and result section.  
 
3.3 Results 
3.3.1 X-Band CW-EPR spectra of MSQ in MK4-incorporated cytochrome bo3   
A stabilized MSQ in MK4-incorporated cytochrome bo3 at g-value of 2.0032  0.0001 
was observed (Figure 3.2 A) after the preparation steps on section 3.2.6. The hyperfine structure 
containing four components with approximate relative intensities 1:3:3:1 and a splitting of ~0.5 
mT (or ~ 14 MHz) (Figure 3.2). The uniform 15N labeling of the protein has little influence on 
the EPR line shape of the MSQ (Figure 3.2 B). Similar to USQ in cytochrome bo3
(11, 12) and 
MSQ in cytochrome aa3-600
(8), this EPR feature is tentatively assigned to three equivalent non-
exchangeable protons interacting with the unpaired electron.  
 
3.3.2 Nitrogen detected by 2D 14N ESEEM (HYSCORE) in MK4-incorporated cytochrome 
bo3   
One of the distinct features of 14N HYSCORE cytochrome bo3 MSQ spectrum (Figure 
3.3) is the cross-peaks (Figure 3.3, 1) at the frequencies of 3.5 and 4.8 MHz (± 0.03 MHz). 
Moreover, there are several low intensity cross features located symmetrically to the diagonal. 
The peaks are located at (3.2, 2.1) MHz, (3.2, 1.8) MHz (Figure 3.3, 2 and 3).   
To a large degree 14N HYSCORE cytochrome bo3 MSQ spectrum is highly similar to the 
spectrum of MSQ in cytochrome aa3-600 and allows for the same interpretation of the strongest 
cross-peaks(8). The cross-peaks correlate two double-quantum (dq±) transitions from opposite 
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electron spin manifolds of the 14N nucleus(13). Their frequencies, νdq+= 4.8 MHz and νdq-= 3.5 
MHz, are well described by the following equations (14),  
 
 The two parameters  
1) νef± = | ν14N ± A14N/2|, noted that ν14N is Zeeman frequency of 
14N nucleus and A14N is 
its hyperfine coupling. 
2) κ = Κ2 (3 + η2), where K is the quadrupole coupling constant and η is the asymmetry 
parameter. 
Rearrange Equation 1 to solve for A14N, in this case ν14N = 1.056 MHz for the field 343.3 
mT, 
 
The calculated hyperfine coupling A14N is ~ 1.3 MHz. Based on the shape of double-
quantum transition peaks in 3-pulse and HYSCORE spectra, the isotropic constant has the major 
contribution to the hyperfine coupling. The parameter κ = Κ2 (3 + η2) is equal to 2.85 MHz2 
using A14N = 1.3 MHz. Assuming 0 ≤ η ≤ 1, the quadrupole coupling constant (qcc) K = 0.84 – 
0.97 MHz. 
3.3.3 Nitrogens detected by 15N 2D ESEEM (HYSCORE) in MK4-incorporated cytochrome 
bo3 
There are limitations to resolve all 14N nuclei (I=1) that are magnetically coupled to 
semiquinone on powder-type ESEEM spectra due to the influence of the nuclear quadrupole 
interaction(8, 15). However, this can be overcome by using 15N nucleus, which has spin of ½ and 
A14N = [(νdq+)
2 - (νdq-)









does not have a quadrupole moment. In order to identify all nitrogen nuclei that interact with 
unpaired electron spin of MSQ, uniformly 15N-labeled cytochrome bo3 was also used.  
The 15N HYSCORE spectrum of MSQ in cytochrome bo3 is shown in Figure 3.4 in both 
contour and 3D-stacked presentation. The 15N has a sharp peak centered at diagonal point (ν15N, 
ν15N) with a 
15N Zeeman frequency ν15N = 1.5 MHz. The previously calculated A14N ~ 1.3 MHz 
corresponds to A15N ~ 1.82 MHz. Three extra 
15N features on the shoulders of center peak could 
be observed, with peak maxima at (2.2, 0.8) MHz, (2.0, 1.0) MHz and (1.8, 1.2) MHz (Figure 
3.4, 1 2 3) corresponding to couplings of 1.4 MHz, 1.0 MHz and 0.6 MHz (Table 3.1), 
respectively. The length of each shoulder perpendicular to diagonal and symmetrical to diagonal 
point (ν15N, ν15N) is about ~1 MHz. This length cannot be explained by the typical anisotropy 
value T = ~ 0.4 MHz for single protein nitrogen interacting with a semiquinone(15, 16), suggesting 
that more than one nitrogen interacting with the MSQ and carrying the different unpaired spin 
density transferred onto their nuclei contribute to the spectrum.  
 
3.4 Discussion and Conclusion 
The quadrupole coupling constant of 14N in different chemical groups can be used to 
identify nitrogen donors of hydrogen bonds to MSQ. The calculated range of K (0.84 – 0.97 
MHz, see 3.3.2) is in partial agreement with typical quadrupole coupling constant for a peptide 
nitrogen -NH-(C=O)-, which is between 0.75 to 0.85 MHz in different compounds and 
proteins(17). The value is also within the range of nitrogens from NH and NH2 groups of primary 
aliphatic and aromatic amines and amides (K = ~0.9 – 1.0 MHz) (18). However, this quadrupole 
coupling constant is greater than K for protonated nitrogens of histidine/imidazole ring (15), 
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indicating that discussed nitrogen does not belong to histidine in the MSQ environment in 
cytochrome bo3.   
Previously, it was identified that Nε of R71 side chain in cytochrome bo3 displayed the 
largest hyperfine coupling 1.8 MHz using selective 15N labeling techniques (16). Due to the close 
satisfaction of cancellation condition, | ν14N - A14N/2| ~ 0 for this constant in X-band EPR, two 
parameters of the nuclear quadrupole interaction tensor (nqi) for Nε of R71 in cytochrome bo3 
with USQ were determined as K=0.93 MHz and =0.51 from 3 resolved nqi frequencies in 
ESEEM spectra (17, 19). Plugging in the above constants, one can calculate κ = Κ2 (3 + η2) = 2.82 
MHz2. The value is very close to κ = 2.7 MHz2 and 2.85 MHz2 for nitrogens coupled to MSQ in 
cytochrome aa3-600 
(8) and cytochrome bo3 (see 3.3.2), suggesting that Nε of Arg side chain in 
these two enzymes is likely the nitrogen with the largest hyperfine coupling to MSQ.  
The estimated hyperfine coupling, A15N ~ 1.82 MHz, is consistent with 
15N “shoulder” (~ 
2 MHz) in HYSCORE spectra. However, it is significantly larger than any of the three resolved 
coupling (Table 1), due to two possible factors. First, the positions of line peaks in ESEEM 
powder spectra (HYSCORE) for the double-quantum transitions of 14N and single-quantum 
transition of 15N for A14N and A15N estimation are determined by different factors. This results in 
essentially different couplings in the presence of anistropic contribution to hyperfine coupling. 
The difference will be greater as the anistropic hyperfine interaction gets stronger (8). Second, as 
mentioned in section 3.3.3, since A15N is larger than typical values for single nitrogen interacting 
with a semiquinone, and the fact that extended 15N shoulder in HYSCORE spectra shows 3 
splittings, there are three or more nitrogens interacting with the MSQ in cytochrome bo3. 
In summary, the 15N and 14N HYSCORE spectra indicate that the MSQ in cytochrome 
bo3 interacts presumably with at least three nitrogens in the QH site. For reference, the unpaired 
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spin density producing measurable hyperfine couplings was found on three nitrogens from R71 
and H98 in cytochrome bo3 with USQ utilizing selective 
15N labeling of the nitrogens in Arg, His 
and Gln(8, 16). Additional studies are required to identify which nitrogens are involved in the 
hydrogen bond interaction with MSQ in cytochrome bo3. Furthermore, comparison of these 
spectra shows intermediate pattern in the strength of MSQ interactions with nitrogen donors in 
cytochrome bo3 between USQ in cytochrome bo3 and MSQ in cytochrome aa3-600. In other 
words, more significant differences were observed between USQ and MSQ in cytochrome bo3 
than between MSQ in cytochrome bo3 and cytochrome aa3-600.  
For future directions, each of nitrogen couplings in 2D-HYSCORE cytochrome bo3 MSQ 
spectra can be characterized using selective labeling of 15N on different residue side chains in QH 
































Figure 3.1: A model of USQ at the QH site in cytochrome bo3 oxidase (left) and structure of 
ubuqinone-8 and menaquinone-8 (right). The indicated 4 crucial residues, R71 D75 H98 and 
Q101, are shown interacting with a ubiquinone head group. The strong H-bonds are shown as 
dashed lines, and the weak is shown as dotted line. (This figure was based on the x-ray structure 






















































Figure 3.2: X-band EPR spectra of MSQ in uniformly 14N-labeled (A) and uniformly 15N-
labeled (B) cytochrome bo3 oxidase. Experimental parameters: modulation amplitude = 0.2 mT; 













































Figure 3.3: The contour (A) and 3D-stacked (B) presentations of HYSCORE spectrum of MSQ 
at the QH site of uniformly 
14N-labeled cytochrome bo3. Experimental parameters: magnetic field 
= 346.1 mT, time between first and second pulses =136 ns, microwave frequency 9.706 GHz, 
temperature = 60 K.  
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Figure 3.4: The contour (A) and 3D-stacked (B) presentations of HYSCORE spectrum of MSQ 
at the QH site of uniformly 
15N-labeled cytochrome bo3. Experimental parameters: magnetic field 
= 346.1 mT, time between first and second pulses =136 ns, microwave frequency 9.706 GHz, 
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Table 3.1 15N Hyperfine couplings and quadrupole coupling constants for nitrogens interacting 
with USQ or MSQ 
 Protein  Quinone    a, MHz   e2qQ/4h, MHz  References 
 cytochrome bo3     UQ8 2.4 (R71 N) 





 cytochrome aa3-600     MQ7 ~1.0 
~0.4 
0.88±0.07 (8) 
 cytochrome bo3     MQ4 ~1.4 
1.0 
0.6 
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CHAPTER 4:   STUDY OF A RADICAL FORMED DURING 
CATALYSIS IN CYTOCHROME BO3 OXIDASE FROM E. COLI 
 
4.1 Introduction 
The heme-copper oxygen reductases catalyze the reduction of dioxygen into H2O, 
generating proton motive force across the membrane in both mitochondria and prokaryotes(1-3). 
The enzymes share a similar mechanism for oxygen reduction, which is catalyzed at an active 
site that contains a five-coordinated high spin heme, a copper ion, and a unique cross-linked 
tyrosine-histidine cofactor (4). For the past two decades, cytochrome bo3 oxidase from E.coli and 
cytochrome c oxidases have been used to study the oxygenated intermediates formed during 
catalysis and 6 intermediates have been identified (5, 6). These intermediates have different 
redox/protonation status at redox cofactors and different chemical structures at the active site, 
which give rise to distinctive spectroscopic features. It is believed that during the catalytic cycle, 
the cross-linked tyrosine (Y288 in cytochrome bo3) directly transfers a hydrogen atom for 
oxygen reduction and thus forms a radical (7). However direct evidence for the formation of this 
transient tyrosyl radical is lacking. Putative radical formation is thought to be beneficial for 
rapidly cleaving the O-O bond in the formation of a “P” intermediate thereby preventing the 
release of reactive oxygen species; radicals has also been postulated to contribute to proton 
translocation (8, 9).  
Hydrogen peroxide has been useful in these studies because the intermediates during 
turnover (H2O2→H2O:  O->P->F->O) are spectroscopically similar to those observed during 
turnover of O2 (O2→H2O:  R->A->P->F->O->E->R) but with significant longer lifetimes 
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(seconds vs μsec) (10, 11). As a result, the intermediates P and F can be observed using techniques 
such as stopped-flow spectroscopy. The H2O2-generated intermediates are confirmed to share the 
same active site metal-oxygen structures as those in O2 reduction by techniques like resonance 
Raman Spectroscopy (12). In addition, a tyrosyl radical was identified in the cytochrome c oxidase 
from Paracoccus denitrificans by EPR spectroscopy associated with F intermediate in hydrogen 
peroxide reaction. Spectroscopic analysis has later attributed the radical to a tyrosine (Y167) in 
subunit I, which is near the active site but is not the cross-linked tyrosine(13). More recently Yu 
MA, et al has reported two tyrosyl radicals were observed using bovine cytochrome aa3 with 
H2O2 reaction and proposed that in H2O2 turnover of cytochrome c oxidases, a radical will 
generate on cross-linked Y288 in P-state and migrate to Y173 in F-state (14).  
E. coli cytochrome bo3 ubiquinol oxidase, a member of A-type heme-copper oxidase, 
shares high degree of sequence and structure homology with A-type cytochrome c oxidases. 
While extensive studies on radical formation have been carried out in cytochrome c oxidases 
(bovine and Paracoccus denitrificans), no detailed characterization was done on cytochrome bo3. 
The easy culture condition, convenient access to mutagenesis make it advantageous using E. coli 
cytochrome bo3 for radical studies. It has been shown that oxidized (O) cytochrome bo3 was also 
transformed into P and F intermediates in H2O2 mimic reaction 
(15). Primitive work with fast 
quenching EPR has detected radical signal corresponding to P in O2 single turnover reaction and 
tryptophan (16-18). 
In this work, we demonstrated two different tyrosyl radicals formed in cytochrome bo3 in 
reaction with H2O2 and attributed to Y173 (bo3 numbering) and Y
II184, a tyrosine located on 
subunit II. In addition, we reported a long-lived tyrosyl radical in YII184F cytochrome bo3 
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mutant in reaction with oxygen, without any H2O2. This is the first time a stable tyrosyl radical is 
observed. 
4.2 Materials and Methods 
4.2.1 Expression and purification of cytochrome bo3 oxidase 
WT cytochrome bo3 was expressed with C43(DE3) strain which encodes cyoABCED 
genes in the chromosome. Regular (no isotope) cytochrome bo3 proteins with site directed point 
mutations were expressed with E. coli CLY host strain whose cyoABCED gene (recombination 
with Km resistance cassette) was knocked out from the chromosome. Universal d4-tyrosine 
labeled bo3 proteins with site directed point mutations were expressed in E. coli CLY-ML14 
(tyrosine auxotroph, derived from E. coli CLY by Dr. Lin) host strain with both cyoABCED gene 
(recombination with Km resistance cassette) and tyrA gene (recombination with Cm resistance 
cassette) knocked out. Each of the above host strains was transformed with the pET-17b vector, 
where an insertion of a 6xHis tag at the C terminus of subunit II was engineered in the encoded 
cyo operon. The cyo operon was under the control of a T7 promoter. Addition of IPTG initiated 
the expression of T7 RNA polymerase from the bacterial chromosome, which then drove the 
transcription of the cyo operon from the pET-17b plasmid. The cyo operon construct for the 
histidine-tagged enzyme was generated by Rumbley et. al. (19) and the pET-17b vectors were 
assembled by Yap et. al.  (20).  
Each bacterial culture was inoculated in 5mL LB with corresponding antibiotics 
overnight at 37 ⁰C from glycerol stocks and enlarged into 20-40 mL modified M63 minimal 
medium at 37⁰C for every 1 L culture grown later for protein expression. After 12 hours, 20-30 
mL saturated inoculum was introduced into 1 L of modified M63 minimal medium consisting of 
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7 g/L K2HPO4, 3 g/L KH2PO4, 2 g/L NH4Cl, 2 g/L glucose, 10 mg/L thiamine, 10 µM CuSO4, 
30 µM FeSO4 and 1 mM MgSO4. d4-tyrosine was dissolved at 18 mg/10 mL in H2O at ~85 ⁰C 
and added to M63 medium for ML14 strains at 0.1 mM. Each 2 L baffled flask contained only 1 
L culture medium to ensure aerobic growth condition. The temperature was maintained at 37°C, 
and the flasks were shaken at 200 rpm throughout the entire growth. When the density of the 
culture reached an OD600 of 0.6–0.7, the expression of cytochrome bo3 was induced with 1 mM 
IPTG, and the cells were shaken for an additional 4 hours but no longer than 5 hours to prevent 
expression of inactive cytochrome oo3. The cells were then pelleted by centrifugation at 16,000 x 
g.  
All the subsequent steps were carried out at 4°C and pH 8.0. The harvested cells were 
resuspended in 50 mM potassium phosphate buffer pH=8.0 with ~ 20 mM MgSO4 and ~ 10-20 
mg/L deoxyribonuclease I, and broken five to eight times through a Microfluidizer high pressure 
fluids processor at 10,000 psi. The cell debris was removed by centrifugation at 16,000 x g for 10 
min. The membranes were then pelleted from the supernatant by centrifugation at 180,000 x g 
for 4 h, and solubilized in 50 mM potassium phosphate buffer, pH=8.0, with 1 % n-dodecyl β-D-
maltoside (DDM) at 4 °C for at 2 to 8 hours. After the unsolubilized particles were removed by 
centrifugation at 180,000 x g for 1 h, 5 mM imidazole was added to the supernatant which was 
then loaded onto 5–10 mL Ni-NTA resin. The loaded Ni-NTA resin (loading capacity: 4 mg max 
for WT and 3 mg max for most mutants) was washed with 5 volumes of 10 mM imidazole, 50 
mM potassium phosphate buffer, 0.05% DDM at pH=8, followed by 5 volumes of 15 mM 
imidazole, 50 mM potassium phosphate buffer, 0.05% DDM. The histidine-tagged cytochrome 
bo3 was eluted with 100 mM imidazole, 50 mM potassium phosphate buffer, 0.05% DDM. 
Imidazole was removed from each purified cytochrome bo3 sample via buffer exchange or 
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dialysis against 50 mM potassium phosphate buffer, 0.05% DDM and 5% glycerol at pH=8.0 
with 100,000 molecular weight cutoff. The concentrated protein sample was flash-frozen in 
liquid nitrogen and stored at – 80 °C before use. 
The concentration of purified cytochrome bo3 was calculated based on the absorbance at 
409 nm of oxidized UV-Vis spectrum, using an extinction coefficient of 188 mM-1cm-1. 
Alternatively, it can also be calculated from [A560 nm-A580 nm] of reduced-minus-oxidized 
spectrum with an extinction coefficient of 24 mM-1cm-1.  
4.2.2 Steady state enzymatic activity assay 
The steady state oxygen reduction activity of cytochrome bo3 proteins were measured at 
25⁰C using MT200 respirometer (Strathkelvin Instruments Ltd.) equipped with an oxygen 
electrode. The reaction buffer contains 50 mM K2HPO4 and 0.1% DDM at pH 7.0. 2 mM 
dithiothreitol (DTT) and 200 μM ubiquinone-1 (Q1, ethanol stock) were added as mimic 
reductive substrate to shuttle electron from DTT, via Q1, into cytochrome bo3. In the presence of 
O2 (aerobic), the reaction was initiated by injection of a few microliters of diluted enzyme. 
The turnover numbers of the enzyme (number of electrons per second per enzyme) was 
calculated by the following equation from the slope of oxygen consumption corrected by 
subtraction of background baseline drift. Inhibition of KCN at 100 μM in some cased was 
applied to rule out the possibility of oxygen consumption by artifact rather than oxidase turnover. 
4.2.3 Ubiquinone-depleted cytochrome bo3 sample preparation 
See section 3.2.3 
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4.2.4 Preparation of pulsed cytochrome bo3 for reaction with H2O2 
Reduction followed by re-oxidation will turn the resting enzyme (O) to a high energy 
level  (OH) which improves the yield of PM intermediate in the H2O2 mimic reaction 
(21). The 
procedure, namely ‘pulsing’, used for bo3 generally follow the work in 
(22). 4 mM sodium 
ascorbate and 50 μM 5-methylphenazinium methosulphate (both as concentrated liquid stock 
pre-adjusted to pH 8.0) was added into ~500 μL bo3 protein at up to 250 μM. The mixture was 
incubated at room temperature for 10 to 30 min till the color became brighter (fully reduced). 
Subsequently, the enzyme was dialyzed against at least 200-fold 50 mM potassium borate buffer 
at pH 8.5 containing 0.5 mM EDTA and 0.05% DDM for 1.5-2 hours (3 times) at 4 ⁰C. 
Additional dialysis against 100 mM CHES buffer at pH 9.0 containing 10% glycerol and 0.05% 
DDM for 1.5-2 hours (2 times) at 4 ⁰C completed the pulse procedure. 
4.2.5 Cytochrome bo3 with H2O2 EPR Sample Preparation 
Protein was made UQ8 free to prevent potential formation of semiquinone radical. In 
addition, the sample was dialyzed and pulsed as described above and concentrated to ~ 200 μL at 
200-600 μM. Generation of radical containing samples were achieved by adding the enzymes 
( resuspened in 100mM CHES, 10% glycerol, 0.05% DDM at pH 9.0 ) into a commercial 
Wilmad 707-SQ-250M EPR tube (Vineland, NJ) preloaded with 10 μL 100 mM H2O2 at 4 ⁰C. 
Thorough mixing was achieved by pulling the syringe septum up and down 3 times and bubbles 
were allowed to escape from the sample before hand-quenching the reaction in liquid nitrogen 
within a time scale of 30-45 seconds. 10% glycerol was a minimum requirement for uniform 
glass formation to prevent tube cracking upon freezing in liquid nitrogen.  
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4.2.6 Cytochrome bo3 with oxygen EPR sample preparation 
The sample preparation is similar to section 4.2.5 but in anaerobic glove bag (provided by 
Prof. Lu, Department of Chemistry, University of Illinois). Briefly, the enzymes were reduced 
anaerobically with sodium dithionite and desalted using a PD-10 size exclusion column. The 
samples were then mixed with small amount of oxygen saturated buffer (100mM CHES, 10% 
glycerol, 0.05% DDM at pH 9.0), transferred into EPR tubes and frozen in liquid nitrogen at 
different time points, from a couple minutes to hours. 
4.2.7 CW X-Band EPR 
EPR spectra were collected with a Varian E-122 spectrometer X-band (9.5 GHz) at 55-85 
K with the equipped Air Products helium cryostat. Unless otherwise noted, a microwave power 
of 5 mW was used, with a combination of modulation amplitude at 5.0/2.0/1.0 G and gain level 
at 12500/6300. The magnetic field was calibrated with a Varian NMR Gaussmeter, and the 
microwave frequency was determined with and EIP frequency meter (San Jose, CA). Data were 
analyzed in Origin software and g values were calculated as follow. 
g = 714.484 × ν (GHz) /B (gauss) 
Subtraction of enzyme signal free of H2O2 was applied to reveal only the radical signal. 
4.3 Results 
4.3.1 Tyrosyl radical generated in wild type cytochrome bo3 with H2O2 treatment 
Wild type cytochrome bo3 treated with H2O2 was characterized by continuous wave X-
band EPR. To determine the origin of this radical, ring deuterated d4-tyrosine was universally 
incorporated into WT cytochrome bo3 and subjected to the same EPR characterization. To 
eliminate the background signal from CuB and CuB-His ligand nitrogen, H2O2 free pulsed 
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enzyme EPR spectrum was subtracted from the H2O2 treated spectra for both non-deuterated WT 
bo3 and d4-tyrosine WT bo3 (Figure 4.1). Radical line width (~45 G) and hyperfine structure 
were very similar to that detected for bovine and P.denitrificans aa3 radicals
(23-25). In addition, 
the tyrosine ring-d4 labeling of WT bo3 transforms the original spectrum into a triplet with 
intensity ratio ~(1:2:1) and ~17 G splitting between components of the hyperfine structure thus 
indicating that the radical is associated with a tyrosine (radical I). The change in EPR signal 
hyperfine structure was introduced by deuteration on tyrosine ring and therefore confirmed the 
radical is associated with a tyrosine residue. 
4.3.2 A different tyrosyl radical observed in Y173F mutant with H2O2 treatment 
To confirm Y173 (equivalent of Y129 in bovine enzyme) is responsible for the radical I 
signal, Y173F were made and subjected to EPR measurement. A different tyrosyl radical 
(radical II) signal was observed (Figure 4.2). In P. denitrificans aa3 with H2O2 treatment, the 
equivalent mutation had no radical signal(13). Therefore, this new radical was located on a 
different tyrosine residue and only observed in cytochrome bo3. 
4.3.3 Double mutant Y173F+YII184F eliminates the radical signal 
In order to identify where the tyrosyl radical, double tyrosine mutants in combination of 
Y173 and Y within 20 Å (Figure 4.3) were made and examined by EPR with H2O2 treatment. 
One particular mutant, Y173F/YII184F, did not exhibit any radical signal, suggesting radical II 
was probably on YII184 in Y173F mutant.  
4.3.4 YII184F single mutation has a tyrosyl radical without addition of peroxide 
YII184F single mutant was made and measured by EPR spectroscopy. Surprisingly, the 
freshly purified mutant showed a weak tyrosyl radical signal before the treatment of H2O2. This 
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was further confirmed by method described in section 4.2.6 (Figure 4.4). The radical signal 
definitely resulted from reaction with O2 and was identical to radical I obtained from wild type 
cytochrome bo3 with H2O2. This is the first time a tyrosyl radical has been shown to be 
generated by reaction of O2 with reduced enzyme. 
4.3.5 Mutations of YII184 to different amino acid residues displayed similar tyrosyl radicals 
Mutations of YII184 to D/E/N/A were made and examined the same way as YII184F. All 
mutants hold a long-living tyrosyl radical signal similar to that of YII184F (Figure 4.5). 
4.3.6 Steady state activity of Y173F and YII184 mutants 
The steady state activity of wild type, Y173F and YII184 mutants are shown in Table 4.1. 
All the mutants remain highly active (quinol oxidase function). Therefore, the tyrosines at Y173 
and YII184 are not essential or important for enzyme catalysis.  
4.3.7 The YII184F radical signal decay 
YII184F sample was reduced anaerobically and mixed with oxygenated buffer as 
described in section 4.2.6. Figure 4.6 shows primitive data of YII184F radical signal decay. 
There were still ~40% radical at the end of measurement after 12 h. 
4.4 Discussion and Conclusion 
Previously, due to limits on both low quantum yield and short life time, radicals 
associated with intermediates of cytochrome c oxidase could only be investigated in detail with 
H2O2 reaction by EPR techniques. While these studies attributed radicals to tyrosine in P.d. aa3 
enzyme (25, 26) or tryptophan and tyrosine in bovine aa3 enzyme 
(24), limited number of studies on 
cytochrome bo3 only tentatively assigned this free radical to a tryptophan from rapid-freeze-
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quenched EPR spectra in O2 single turnover condition at signal/noise ratio. Our study, for the 
first time, provided insight into the radicals associated with cytochrome bo3, and more 
importantly discovered a tyrosyl radical formed by reaction of O2 with reduced cytochrome bo3.  
Two different tyrosyl radicals have been observed in this work. One (radical I, Figure 
4.1) was seen on WT cytochrome bo3 with H2O2 treatment and the other (Radical II, Figure 4.2) 
with Y173F mutant. The uniformly ring-d4-labeling of tyrosine influences the hyperfine structure 
of both radicals, eliminating the hyperfine couplings from ring protons. This indicates both 
radicals originate from tyrosine but different residues. Provided that discovered tyrosyl radical 
associated with YII184F with O2 exhibited identical hyperfine coupling as that of WT and 
Y173F/YII184F double mutant eliminates formation of any radical signal, it implies Y173 and 
YII184 should be responsible for the radicals. Therefore, radical I obtained from YII184F mutant 
with O2 should be assigned to Y173 and radical II obtained from Y173F with H2O2 should be 
assigned to YII184. The cw X-band EPR results from our work is also consistent with that for P. 
denitrificans aa3 oxidase 
(25, 26). d4-WT displayed the same splitting ~17 G of triplet components 
in bo3. Given the high degree of sequence homology between aa3 and bo3, it is also convincing 
that the radical I in WT bo3 is assigned to Y173 residue. 
Remarkably, YII184 mutant has a stable tyrosyl radical assigned on Y173 in the absence 
of adding any peroxide. Adding reductant eliminates the radical but adding O2 restores the 
radical. This is the first time that a tyrosyl radical has been shown generated by O2. Neither Y173 
nor YII184 is required for enzyme activity since single and double mutants are all fully active in 
quinol oxidase activity (Table 4.1). The YII184 position is conserved as a tyrosine in the vast 
majority of A-type heme-copper quinol oxidases and is substituted to D/E in most (>90%) A-
type cytochrome c oxidases. A protonatable residue appears to be important at this location. 
83 
 
Mutations of YII184 to different other residues retain the same tyrosyl radical at Y173 like 
YII184F mutant. In addition, according to the primitive measurement of this O2 reaction-
generated radical decay, the tyrosyl radical at Y173 is extremely stable and can last for hours. 
Therefore, it is very likely that this tyrosyl radical is not part of the enzyme catalysis but is due to 
oxygen turnover at the active site.  
We proposed that the YII184 mutation prevents the deprotonation and protonation of 
Y173, resulting in a long-lasting radical on Y173. Tyrosine and modified tyrosine radicals are 
implicated in a variety of regulatory enzymes essential for metabolism (27). In ribonucleotide 
reductase, the catalysis involves a long-range proton-coupled electron transfer (PCET) from a 
tyrosyl radical (Y122•) in β2 subunit to a cysteine in the active site of α2 subunit(28). The charge 
transfer occurs over 35 Å and is mediated by a conserved pathway of tyrosine side chains (29). 
Similar radical propagation could happen between active site, Y173 and YII184: During steady 
state oxygen turnover, the active site has transient oxidative stress that pulls a proton and an 
electron from Y173, resulting in a tyrosyl radical on Y173; the formed radical is then transferred 
to YII184 in one or several steps of PCET to generate a tyrosyl radical at YII184 position; since 
YII184 is located at the interface of subunit I and II and accessible to bulk media (Figure 4.7), it 
is quenched immediately in WT cytochrome bo3. In YII184 mutants, however, the radical 



















Figure 4.1 CW X-band EPR spectra of regular WT cytochrome bo3 (blue) and d4-tyrosine (red) 
bo3 upon reaction with H2O2. In both cases, signal of enzyme before H2O2 treatment was 


























Figure 4.2 CW X-band EPR spectrum of d4-tyrosine Y173F cytochrome bo3 upon reaction with 





















Figure 4.3 Tyrosines within 20 Å of Y173 in cytochrome bo3. II indicates the residue is from 
subunit II, otherwise the residues are from subunit I. The structure illustration was made using 























Figure 4.4 EPR spectra of d4-tyrosine YII184F mutant after pulsing treatment. Signal of fully 

























Figure 4.5 EPR spectra of regular YII184 mutants in reaction with O2. The lineshape of other 
mutants are identical to YII184F. The only difference is their intensity, which was a result of 




















Figure 4.6 YII184F radical decay over 1h (left) and 12h (right) at pH = 9.0. The samples were 
exposed in air after mixing with oxygenated buffer, and frozen at different time points for EPR 

























Figure 4.7 The structure and spatial position of active site, Y173 and YII184. Structure of 
cytochrome bo3 is shown (left) with subunit I (blue) and II (red). Active binuclear centered is 












Table 4.1 Steady state oxygen reduction (quinol oxidase) activity of Y173, YII184 mutants with 
respect to wild type 
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CHAPTER 5: A NEW APPROACH FOR MEMBRANE PROTEIN 
EXPRESSION USING HOMOLOGOUS RECOMBINATION IN 
BACILLUS SUBTILIS 
5.1 Introduction 
Currently the most commonly used bacterial hosts for protein expression are all 
genetically amenable, easy to grow aerobically or fermentatively and able to produce protein in 
large quantities (1). Bacillus subtilis, among many other bacteria, is one of the best sources for 
useful enzymes, biochemicals and proteins in industry and laboratory. A number of different 
proteases and amylases, for example, from B. subtilis and related Bacillus species are being 
widely used for various applications (2, 3). Genetically, B. subtilis is well understood with 
complete, annotated genomes of different strains (4), and it has become a model organism for 
research on Gram-positive bacteria with many available genetic tools and approaches. Although 
a wide range of approaches have been applied to improve production of cytoplasmic and 
secretory proteins, very few examples are successful in overproduction of membrane proteins, 
membrane-associated proteins or protein complexes. It is still controversial what the major 
obstacle is, though many believe it is the difficulty in membrane insertion.  
The aerobic respiratory chain of Bacillus subtilis is unique and special in many different 
ways. It contains a type-II NADH dehydrogenase (YjlD), a succinate dehydrogenase (SQR, 
succinate:menaquione reductase), a b6c complex and 4 terminal oxidases: cytochrome caa3-605, 
cytochrome aa3-600, cytochrome bd and cytochrome bb’ 
(5, 6).  
Cytochrome aa3-600, one of the major proton motive force contributors, is a close 
homolog of cytochrome bo3 from E. coli 
(7). The study of quinone-binding site in quinol oxidases 
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is limited because of lack of structure with bound quinone. The current cytochrome bo3 structure 
misses more than 200 residues in the absence of bound quinone (8). As a result, there has been 
strong interest in obtaining a high-resolution structure of quinol oxidase with a bound 
quinone/quinol.  
The entire respiratory chain centers around menaquinone/menaquinol pool in the 
membrane. Due to lower redox potential of menaquinone/menaquinol compared to 
succinate/fumurate, SQR in B. subtilis is believed to consume proton gradient (9), very different 
from what is known about traditional succinate dehydrogenase. Limited study about this enzyme 
is partly due to lack of overproduction for biochemical characterization. 
The b6c complex contains 3 subunits: QcrA is Rieske iron-sulfur protein; QcrB is 
homologous to b6 cytochromes in photosynthetic organism; the N terminus of QcrC is 
homologous to subunit IV of b6f complex in photosynthesis and C terminus contains a 
cytochrome c domain (10). The fact that B. subtilis b6c complex shows characteristics of both 
photosynthetic and respiratory complex while utilizes menaquinol makes it an excellent 
candidate for studying energy conservation (11).  
In this current work, we have integrated B. subtilis cytochrome aa3-600 menaquinol 
oxidase operon into B. subtilis chromosome using homologous recombination with the help of a 
recombination plasmid. We managed to overproduce the enzyme under the control of inducible 
promoter and purify his-tagged cytochrome aa3-600 oxidase. Same approach was adopted for B. 
subtilis SQR (succinate dehydrogenase) and also found success. In addition, initial X-ray crystal 
structure of cytochrome aa3-600 was obtained using purified enzyme. Mutations could also be 
made to further study the function of these enzymes. Overall, we demonstrated a feasible 
membrane protein expression strategy in B. subtilis.  
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5.2 Materials and Methods 
5.2.1 Plasmid and strain information 
The pDR111 plasmid and B. subtilis PY79 strain for this study was obtained from Prof. 
Yunrong Chai (College of Science, Northeastern University) as a gift for research. The map of 
this plasmid is shown in Figure 5.1. The plasmid can be transformed and amplified in E. coli 
with two antibiotic resistance (ampicillin and spectinomycin). There is an inducible lac promoter, 
hyper-spank, allowing overexpression of downstream gene. The lac operon is flanked by 
upstream and downstream sequence fragments of B. subtilis amyE gene (amylase). When the 
plasmid is transformed in B. subtilis, it will be integrated onto amyE locus by homologous 
recombination.  
5.2.2 Preparation of pDR111 plasmid containing B. subtilis cytochrome aa3-600 and SQR 
 The cytochrome aa3-600 genes, qoxABCD, were cloned by PCR from B. subtilis genome 
using primers AA3-NheI-Fwd (GCATAACAAAGTGCTAGCTAAGGAGGGAGGAAGTAT-
GCAC) and AA3-SphI-Rev (GAAGAGGGTTTGCATGCTTATTCGTTATGGCCTGAATGC) 
(qoxA encodes subunit II, qoxB encodes subunit I, qoxC and qoxD are subunit III and IV of 
cytochrome aa3-600). A 6x histidine tag was added in the C-terminus of qoxA. The operon was 
first subcloned in TOPO vector in order to make silent mutations for NheI and SphI. After 
confirmed by sequencing the whole gene, it was then subcloned into pDR111 between NheI and 
SphI sites. At this point, the plasmid was ready for transformation.  
Similar approach was used for cloning B. subtilis SQR. Genes encodes subunits of SQR 
sdhCAB was cloned using primers BSsdhCAB-NheI-f (CTAGCTAGCATGTCTGGGAACA-
GAGAGTT) and BSsdhCAB-SphI-r (ACATGCATGCTTAGTGATGGTGATGGTGATGGTG-
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GTGTACTCTGTCGCTTCCGAAGA). The 8x histidine tag was added at the C-terminus of 
sdhB. Because there is no conflict of restriction enzyme site, the operon of SQR was directly 
subcloned into pDR111 between NheI and SphI sites. 
5.2.3 B. subtilis cell culture and transformation 
LB medium (10g tryptone, 5g yeast extract, 5g NaCl in 1L) was used for B. subtilis cell 
liquid culture. LB agar (LB with 1.5% agar) and Tryptose Blood Agar (33g Tryptose Blood Agar, 
3g agar in 1L) plates were used for plating. Large scale culture was done by having 1L LB in 2L 
flask at 37 ˚C, 210 rpm.  
The transformation followed the protocol “Transformation of B. subtilis” in Appendix.  
5.2.4 Screening for homologous recombination in B. subtilis 
Since pDR111 plasmid targets amyE locus in B. subtilis chromosome, successful 
recombinant will lose the ability to hydrolyze starch. Therefore, by plating the transformants on 
LB plates with 1% (m/v) starch and then staining by iodine solution (35g potassium iodide, 5g 
iodine in 500ml distilled water as stock, 1:3 water dilution as working solution), colonies without 
halo will be the correct recombinants. These colonies were picked and cultured in 3ml LB 
overnight at 37 ˚C to make frozen stock in -80 ˚C. 
5.2.5 Overexpression and protein purification in B. subtilis 
 B.subtilis PY79 cells containing pDR111-qoxAB plasmid were inoculated from frozen 
glycerol stock into LB medium seeding culture (10ml for every L of growth medium) with 
antibiotic (100µg/ml spectinomycin) for overnight growth at 37 °C, 210 rpm. The large scale, 
final culture was prepared in 2L flasks with 1L medium each and was inoculated 1% (v/v) from 
seeding culture, grown at 37 °C, 210 rpm. When the OD600 reached 0.6-0.8, 1mM final 
101 
 
concentration of IPTG was added into the culture. After 4 h culture at 37 °C, 210 rpm, cells were 
harvested by centrifugation at 8,000 rpm for 10 minutes using a Sorvall GS3 rotor. Cell pellets 
were pooled in 500ml Nalgene bottle for storage at 4 °C (1-2 days) or -80 °C (few months) 
before use. 
Cell pellets were resuspended in 50mM potassium phosphate buffer, pH=8.0, with 
addition of PMSF (Sigma), 10mM EDTA and DNase I (Sigma). Homogenized B. subtilis cells 
were disrupted using microfluidizer (Microfuildics Corp. Waltham, MA), followed by a 10-
minute centrifugation at 8,000 rpm. Membrane fraction was separated after 3-hour 
ultracentrifuge at 42,000 rpm, 4 °C in a Beckman Ti45 rotor. At this point, membranes could be 
stored at -80 °C for months before use. 
The isolated membranes were resuspended in 50mM potassium phosphate buffer, pH=8.0, 
and solubilized with 1% dodecyl maltoside (DDM) (Anatrace) at 4 °C for 2 hours. Insoluble 
material was removed after centrifugation at 42,000 rpm, 4 °C for 30 minutes. The solubilized 
fraction was then loaded onto Ni-NTA (Qiagen) column pre-equilibrated with 50mM potassium 
phosphate buffer, 0.05% DDM, pH=8.0. A gradient wash was applied with increasing 
concentration of imidazole (5mM to 20mM) in the same buffer condition in order to remove 
non-specific bound protein. Finally, His-tagged cytochrome aa3-600 was eluted with 100mM 
imidazole in 50mM potassium phosphate buffer, 0.05% DDM, pH=8.0. The eluted protein was 
then concentrated using Amicon Ultra concentrators with 100,000 MWCO followed by buffer 
exchange into 50mM potassium phosphate buffer, 0.05% DDM, pH=8.0. For storage at -80 °C, 




5.2.6 SDS PAGE and Western blot for his-tagged protein 
Nusep 4%-20% gradient PAGE gels with Tris/Hepes/SDS buffer (this product no longer 
available) were used to separate the purified protein complexes. Gels were staining with 
Coomassie Blue or subject to electrophoresis for Western blot. 
WesternBreeze Chromogenic Western Blot Immunodetection Kit (Thermo Fisher) was 
used after membrane transfer from SDS-PAGE by electrophoresis. Monoclonal Anti-
polyHistidine antibody from mouse (Sigma) was diluted 1:3000 as primary antibody.  
5.3 Results 
5.3.1 Preparation of pDR111-qoxAB (cytochrome aa3-600) chromosome-incorporated 
strain 
Based on the methods described in section 5.2.2 and 5.2.4, successful chromosome 
incorporation of phyper-spank-qoxAB operon was verified by starch plate staining (Figure 5.2). 
5.3.2 Purified his-tagged B. subtilis cytochrome aa3-600 oxidase  
The spectra of oxidized, reduced and reduced-minus-oxidized purified wild type 
cytochrome aa3-600 oxidase is shown in Figure 5.3 A. All the optical features are due to the 
absorbance from heme as in subunit I. There are two heme as per cytochrome aa3-600, which 
was used to determine the concentration of purified enzyme using extinction coefficient of 27 
mM-1cm-1. The yield of aa3-600 is about 1.5 to 2 mg per L of growth. A control experiment was 
performed using pDR111 empty vector in B. subtilis and no protein was obtained after elution 
with same purification method. In addition, the purified enzyme was quite pure as shown on 
SDS-PAGE gel and both subunit I and subunit II were resolved (Figure 5.3 B).  
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The steady state activity of purified cytochrome aa3-600 was measured in the presence of 
menaquinone-reducing type II NADH dehydrogenase in Oceanobacillus iheyensis (Figure 5.4). 
Both NADH and dimethylnaphtoquinone (DMN) were used to donate electrons for oxygen 
reduction. The turnover number was ~ 104e-/s at 25 °C, similar to what was reported before (12).  
5.3.3 Initial X-ray structure of cytochrome aa3-600  
The cytochrome aa3-600 was prepared as described above and The X-ray structure was 
obtained in collaboration with Prof. Jiapeng Zhu in Nanjing University of Chinese Medicine. 
The current structure is shown in Figure 5.5. There are 15 helices in subunit I, 2 helices in 
subunit II, 5 in subunit III and 3 in subunit IV. A closer look at proposed menaquinone binding 
site shows a unique helix made of the first 33 residues at N-terminus of subunit I in proximity 
(Figure 5.6). This feature was not observed in cytochrome bo3 oxidase structure. It could be 
TM0 (transmembrane helix 0) that have previously been proposed and tested by gene fusion(13) 
but wasn’t resolved in cytochrome bo3 structure 
(8). 
5.3.4 Expression and purification of succinate:menaquinone oxidoreductase (SQR, sdhCAB) 
from B. subtilis 
Same culture and purification methods were adopted for SQR. The purified enzyme was 
examined on both UV-vis spectrophotometer and Western blot (Figure 5.7). With addition of 
dithionite or sodium succinate, the enzyme was clearly reduced, exhibiting absorbance peak at 
558nm, a typical feature for reduced heme b. Western blot of poly-histidine tag also confirmed 
the expression of his-tagged SQR. Therefore, the his-tagged SQR was successfully expressed 
and purified and was able to oxidize succinate.  
104 
 
5.4 Discussion and conclusion 
Due to their roles in key cellular processes, membrane proteins in B. subtilis respiratory 
chains present interesting topics for fundamental scientific research. In this study, we 
demonstrated a new approach for membrane protein expression in B. subtilis. We took advantage 
of a strong, inducible promoter (hyper-spank) and widely used homologous recombination 
strategy to construct operons on the chromosome of B. subtilis. Although only one copy is 
present in each cell, it prevents the loss of gene which was quite common for plasmids. In two 
separate cases, his-tagged cytochrome aa3-600 oxidase and SQR both from B. subtilis were 
successfully expressed and purified. Further characterization involving UV-vis spectroscopy, 
SDS-PAGE, Western blot and steady state activity assay confirmed the high quality of these 
overexpressed enzymes. As a result, preliminary X-ray crystal structure was obtained using this 
purified cytochrome aa3-600. The current structure reveals many novel structural features that 
was not seen previously. Notably, the proposed TM0 of quinol oxidase was indicated, which was 
missing in cytochrome bo3 structure.  
In conclusion, the described method is viable for expression and purification of 
membrane proteins in B. subtilis. So far, the purified proteins are both originated in B. subtilis 
hence further test with heterologous membrane protein is required. Nevertheless, the unique 









































Figure 5.2 Scheme for homologous recombination of pDR111-qoxAB plasmid. Successful 
























Figure 5.3 A, Spectra of oxidized (black), reduced (red), reduced-minus-oxidized (blue) purified 
cytochrome aa3-600 oxidase. The absorbance at 443nm and 600nm are feature peaks for heme as. 
B, SDS-PAGE of cytochrome aa3-600 oxidase: both subunit I and subunit II were observed with 

































Figure 5.4 Steady state oxidase activity measurement of purified cytochrome aa3-600. A type II 
NADH dehydrogenase was paired with cytochrome aa3-600 to transfer electrons from NADH to 
























Figure 5.5 Current structure of purified cytochrome aa3-600 oxidase. Four subunits are 
identified in the overall structure: subunit I (blue); subunit II (red); subunit III (grey); subunit IV 






















Figure 5.6 Proposed quinone binding site in cytochrome aa3-600 structure. Crucial residues are 


























Figure 5.7 UV-vis spectra (left) and Western blot (right) of purified SQR. For Western blot, T. 
thermophilus caa3 was used as a positive control. The his-tagged subunit II in caa3 has similar 
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Appendix A: Transformation of B. subtilis 
(Protocol adopted from Dr. George W. Ordal, University of Illinois) 
1. Grow 1 ml o/n in minimal media (OR scrape cells off o/n plate from 30 C and     
resuspend ingm1 and skip to step 3). 
2. Centrifuge, resuspend pellet in 100 ml of the supernatant. 
3. Measure A525 (10 ml in 1000 ml dH2O). 
4. Dilute cells to OD525= .2 - .3 in 1 ml GM1. 
5. Shake vigorously at 37 ˚C for 4 - 4.5 hrs. 
6. Add 100 ml cells to 800 ml prewarmed GM2. 
7. Shake at 37 ˚C for 1.5 hrs. 
8. Add 1-5 ml of a miniprep or other DNA prep (usually all of a ligation Rxn) to the 
experimental tube.  Don’t forget to include a negative control (no DNA). 
9. Shake slowly at 37 ˚C for .5 hrs (or up to 1.5 hours). 
10. Plate dilutions. 
Buffer 
 
Minimal o/n (1 ml)  
dH2O   870 ml 
10X spizizen salts  100 ml   
50 % glucose               10 ml  
5 % CAA  10 ml 




GM 1   (10 ml)   GM 2   (10 ml) 
dH2O   8.6 ml    dH2O   8.7 ml 
10X spizizen salts  1 ml    10X spizizen salts     1 ml   
50 % glucose              100 ml    50 % glucose             100 ml   
5 % CAA  40 ml    5 % CAA  20 ml 
HMT (5 mg / ml) 100 ml    HMT (5 mg / ml) 100 ml 
1 M MgCl2  200 ml  
 
Stock Buffers: 
10X Spizizen Salts (for 1 liter)   5% CAA 
(NH4)2SO4  20 g    30 g casamino acids 
K2HPO4  140 g    600 ml H2O 
KH2PO4  60 g    Autoclave 
Sodium Citrate 10 g     
MgSO4
.7H2O  2 g    HMT 
Autoclave      5 mg/ml each of histidine, methionine 
       and tryptophan  
       Filter sterilize 
 
 
 
